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A strain of Lactobacillus plantarum which was unable to produce manganese
(Mn)catalase (ATCC 8014) grew somewhat more rapidly and to a slightly higher
plateau density than did an Mn catalase-positive strain (ATCC 14421), and this
was the case during aerobic or anaerobic growth. However, when maintenance of
viability was measured during the stationary phase of the growth cycle, the
advantage provided by Mn catalase was obvious. Thus, the viability of ATCC
14431 was undiminished over 21 h of aerobic incubation, during the stationary
phase, whereas that of ATCC 8014 decreased by seven orders of magnitude.
Addition of catalase to the medium or growth in the presence of hemin, which
allows catalase synthesis, protected ATCC 8014 against this loss of viability.
Suppression of Mn catalase within ATCC 14431 by treatment with NH,OH
caused the cells to lose viability when exposed to 4 mM H,0,.

Lactobacillus plantarum exhibits several pe-
culiarities in its defenses against oxygen toxici-
ty. In this organism divalent manganese (Mn) is
accumulated to an intracellular level of approxi-
mately 25 mM and serves as a functional re-
placement for the superoxide dismutases found
in most cells (1-4). Moreover L. plantarum, like
certain pediococci, leuconostocs, and strepto-
cocci, is unable to synthesize heme and, when
grown in the absence of heme, produces a
hemeless catalase which has been called pseudo-
catalase (7, 11-14). We recently reported the
isolation of the pseudocatalase and its character-
ization as a hexameric manganienzyme (14a),
hereafter called Mn catalase.

One can assume that the Mn catalase is impor-
tant to the organisms which produce it, but this
has not heretofore been demonstrated. More-
over, the available literature leaves this question
in doubt. Thus, Mn catalase-positive strains of
pediococci exhibited a growth advantage during
aerobic culture on glycerol (8), but a comparable
advantage was not noted with either Streprococ-
cus faecalis or L. plantarum whether grown on
glycerol or glucose (14). Indeed, Mn catalase-
negative strains of L. plantarum were reported
to grow more rapidly than Mn catalase-positive
strains under either aerobic or anaerobic condi-
tions (17).

Since an Mn catalase-negative strain of L.
plantarum accumulated H,0, during the late log
and stationary phases, whereas an Mn catalase-
positive strain did not (14a), it appeared possible
that measurements of retention of viability might

expose the importance of the Mn catalase. An-
other approach would be to inactivate the Mn
catalase within L. plantarum to see whether
depletion of this enzyme imposed an intolerance
for H,0, or for aerobic conditions. We now
report such experiments which demonstrate that
the Mn catalase is indeed important for the
aerobic survival of L. plantarum.

MATERIALS AND METHODS

L. plantarum strains 8014 and 14431 were obtained
from the American Type Culture Collection, Rock-
ville, Md. The former is Mn catalase negative and the
latter is Mn catalase positive (14a). Both strains can
produce a heme catalase when grown in the presence
of hemin (12). Lyophile cultures were subcultured
onto multiple APT (9) agar slants which were stored at
—70°C until used. A fresh agar slant was thawed and
used for each experiment. Cultures were routinely
grown on commercial (BBL Microbiology Systems,
Cockeysville, Md.) APT broth or agar at 37°C. Growth
in liquid medium was monitored in terms of absor-
bance at 600 nm. Viable cells were enumerated by
dilution with sterile 0.9% NaCl, followed by plating
onto APT agar and counting of colonies after 18 h of
incubation. Aerobic liquid cultures were shaken at 140
rpm, whereas anaerobic growth was done in a Coy
Chamber (Coy Laboratory Products, Inc., Ann Arbor,
Mich.) or as described by Baich et al. (5).

Liquid cultures were grown in Erlenmeyer flasks
with a vessel/fluid volume ratio of 5:1. Cells were
collected by centrifugation at 6,090 X g for 5 min,
washed by resuspension in APT salts, and then resedi-
mented at 6,090 x g. APT salts contained (per liter) 5.0
g of K,;HPO,, 5.0 g of NaCl, 1.25 g of Na,CO,, and 0.8
g of MgSO,, adjusted to pH 6.7. Washed cells were
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finally suspended in 0.1 M potassium phosphate-0.1
mM EDTA at pH 7.0 and were fragmented by passage
through a French press (Aminco) at 20,000 1b/in2. The
resultant homogenate was clarified for 20 min at 17,300
X g, and the clear extract was dialyzed against the
cold neutral phosphate-EDTA buffer for 24 h before
assay. Protein was measured by the Lowry procedure
(15), whereas catalase was assayed by the method of
Beers and Sizer (6) with slight modification (14a).

NH,O0H - HCI (Aldrich Chemical Co., Milwaukee,
Wis.) was dissolved each day and adjusted to pH 6.0
with 1.0 M NaOH before use. Puromycin was from
Sigma Chemical Co., St. Louis, Mo. When NH,OH
and puromycin were to be added to suspensions of
cells they were sterilized by ultrafiltration. Crystalline
catalase from bovine liver and bovine hemin (type 1)
were from Sigma. Catalase and hemin, which was
dissolved in 50 mM K,HPO, before use, were also
sterilized by ultrafiltration.

RESULTS

Effect of catalase on growth and survival of L.
plantarum. Anaerobically grown inocula of Mn
catalase-negative (ATCC 8014) and Mn catalase-
positive (ATCC 14431) strains of L. plantarum
were seeded into aerobic APT broth, and growth
was monitored in terms of turbidity. Under
aerobic conditions the Mn catalase-negative
strain actually grew somewhat more rapidly and
to a 20% greater plateau density than did the Mn
catalase-positive strain. This agrees with earlier
work (17) and fails to demonstrate any advan-
tage imparted by the Mn catalase.

When survival of cell suspensions during the
stationary phase was measured, a strikingly dif-
ferent picture emerged (Fig. 1). The viability of
the Mn catalase-positive strain (line 3) was well
maintained, whereas that of the- Mn catalase-
negative strain (line 6) plunged down seven
orders of magnitude. This loss of viability of the
Mn catalase-negative strain was diminished an-
aerobically (lines 4 and 5). Under aerobic condi-
tions addition of bovine liver catalase, to 100 g/
ml, completely protected the Mn catalase-nega-
tive strain (line 2). When hemin is present in the
medium these organisms can incorporate it into
a true catalase, and, as shown by line 1, growth
in the presence of 10 pg of hémin per ml also
protected the Mn catalase-negative strain.

Since the moderate loss of viability seen under
anaerobic conditions (line 4) was not prevented
by 100 pg of catalase per ml (line 5), we con-
clude that oxygen exclusion was effectively total
and that this loss of viability was not due to
H,0, lethality. The culture medium in which the
Mn catalase-negative strain had grown accumu-
lated H,0, to 8.8 mM (1, 14a). No H,0, was
detectable when hemin or catalase was present
in the growth medium of the Mn catalase-nega-
tive strain. The Mn catalase-positive strain did
not accumulate H,0, (14a). It thus appears that
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FIG. 1. Survival of catalase-positive and catalase-
negative strains of L. plantarum. Ryan flasks of APT
broth were inoculated (1% inoculum) with overnight
anaerobic cultures and were shaken at 140 rpm and
37°C in air while growth was monitored at intervals in
terms of absorbance at 600 nm. Enumeration of sur-
viving cells was as described in the text. Catalase-
negative ATCC 8014 was grown without additions
(line 6) or in the presence of 10 pg of hemin per ml (line
1) or 100 pg of bovine catalase per ml (line 2). This
catalase-negative strain was also grown anaerobically
in the presence (line 5) or absence (line 4) of 100 pg of
bovine catalase per ml. The catalase-positive strain
was grown aerobically without additions (line 3). The
catalase-negative strain contained 38 U of cyanide-
sensitive catalase per mg of protein when grown in the
presence of hemin.

the H,0, produced by these organisms can exert
a profound lethality if it is not scavenged enzy-
matically. The ability to produce an Mn catalase
clearly has survival value.

Inhibition of Mn catalase by hydroxylamine.
NH,0H was found to be an effective inhibitor of
Mn catalase in the presence, but not in the
absence, of H,0,. Thus, incubation of the en-
zyme with either 4 mM ascorbate (line 1) or 10
prM NH,0H (line 2) had no effect, but incuba-
tion with both (line 3) caused progressive inacti-
vation (Fig. 2). The aerobic ascorbate solution
was used here as a continual source of H,0,, as
it has previously been used by other workers
(16). The importance of H,0, for the NH,OH
inactivation of the enzyme was verified by dialy-
sis of Mn catalase plus 50 pM NH,OH against
either buffer or against 2 mM H,0; in the buffer.
In the former case there was no loss of activity,
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FIG. 2. Inactivation of Mn catalase by hydroxyl-
amine plus ascorbate. Mn catalase, isolated as previ-
ously described (14a) and at 51 nM, was incubated
aerobically at 23°C in a water bath shaker at 200 rpm,
in 50 mM potassium phosphate (pH 7.0), in the pres-
ence of: 4.0 mM ascorbate (line 1), 10 uM NH,OH
(line 2), or both (line 3). The reaction volume was 1.0
ml. At intervals 100-pl samples were diluted into 2.9
ml containing 16.7 mM potassium phosphate, 19.7 mM
H,0,, and 0.1 mM EDTA at pH 7.0. Consumption of
H,0, was followed at 240 nm.

30

whereas in the latter complete inhibition was
seen within 5 min.

The H,0,-dependent inactivation of Mn cata-
lase by NH,OH was not reversed by dialysis and
was not prevented by 0.21 pM superoxide dis-
mutase or 10 mM mannitol. It was observed
above, but not below, pH 6.0. All of this sug-
gested that NH,OH might be used to suppress
the Mn catalase within L. plantarum and thus
facilitate demonstration of its physiological im-
portance.

Effects of NH,OH on L. plantarum. L. plan-
tarum cells were grown to late log phase (12 h at
37°C), either aerobically or anaerobically, in
APT medium. These cultures were then diluted
fivefold into fresh APT medium containing the
indicated concentrations of NH,OH (Fig. 3)
and, after 2 h of further incubation either aerobi-
cally (line 1) or anaerobically (line 2), the cells
were harvested, washed, and lysed, and the
extracts were assayed. At any given concentra-
tion of NH,OH there was more inactivation of
Mn catalase aerobically than anaerobically. This
is in accord with the aerobic production of H,O,
by L. plantarum and the H,0, dependence of
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FIG. 3. Inactivation of Mn catalase within L. plan-
tarum by NH,OH. L. plantarum (ATCC 14431) was
grown aerobically to late log phase (12 h) in APT broth
and was then diluted fivefold (to absorbance at 600 nm
= 0.1 to 0.15) into fresh APT broth containing the
indicated concentrations of NH,OH. After 2 h of
aerobic (line 1) or anaerobic (line 2) incubation at 37°C,
extracts were prepared and assayed for protein and for
catalase activity. Activity is given as a percentage of
control values. The control values were 100.2 U of
catalase per mg of protein for the aerobically grown
cells and 87 U of catalase per mg of protein for the
anaerobically grown cells.

the NH,OH inactivation of Mn catalase. It
seems possible that the modest inactivation seen
anaerobically was due to our failure to complete-
ly exclude O, in this case.

The inactivation of Mn catalase within L.
plantarum by NH,OH was not accompanied by
rapid loss of viability, and removal of NH,OH
resulted in regain of catalase activity, presum-
ably by resynthesis (Fig. 4). In these experi-
ments the Mn catalase of L. plantarum was
suppressed by aerobic incubation for 2 h in APT
medium containing 0.5 mM NH,OH. The cells
were then chilled and washed twice in cold APT
medium to remove NH,OH. The cells were then
suspended in prewarmed APT medium and incu-
bated aerobically. At intervals cells were col-
lected, washed in cold APT salts, lysed, and
assayed for catalase activity. The specific activi-
ty of Mn catalase in aerobically grown cells was
100 U/mg of protein before treatment with
NH,OH. It is clear from Fig. 4 that nearly full
activity was restored during 3 h of incubation
after removal of the NH,OH.

L. plantarum, whose Mn catalase was inacti-
vated by treatment with NH,OH, exhibited an
intolerance towards H,0, (Fig. 5). These cells
were grown aerobically for 12 h in APT medium
and were then diluted fivefold into fresh medium
containing 0.0, 0.1, and 1.0 mM NH,OH. After 2
h of aerobic incubation, cells were collected by
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FIG. 4. Recovery of Mn catalase in L. plantarum
after inactivation by NH,OH. L. plantarum (ATCC
14431) was grown aerobically for 12 h at 37°C in APT
broth. The pseudocatalase was then inactivated by
aerobic incubation for 2 h in fresh APT containing 0.5
mM NH,OH. The cells were then washed twice in
cold APT medium to remove NH,OH and then al-
lowed to resume growth in prewarmed (37°C) APT
broth. At intervals cells were removed for assay of
catalase activity.

centrifugation, washed twice in cold APT, and
then suspended to 10® cells per ml in APT
containing S mM H,0, and 0.5 mg of puromycin
per ml to prevent resynthesis of Mn catalase.
These suspensions were incubated aerobically at
37°C. At intervals samples were taken, diluted,
and plated for enumeration of viable organisms.
Cells whose Mn catalase was not suppressed by
NH,0H were not noticeably killed by 5 mM
H,0, plus puromycin (line 1), whereas those
treated with 0.1 (line 2) or 1.0 (line 3) mM
NH,0H exhibited a progressive intolerance to-
wards H,0,. The failure of those cells which had
not been treated with NH,OH (line 1) to grow in
the APT medium, containing S mM H,0, and 0.5
mg of puromycin per ml, is an indication that
this level of puromycin was sufficient to sup-
press protein biosynthesis. Previous studies
have shown that 0.5 mg of puromycin per ml is
sufficient to completely prevent biosynthesis of
catalase, peroxidase, and superoxide dismutase
in Escherichia coli (10).

DISCUSSION

The Mn catalase-negative strain of L. plan-
tarum does grow slightly more rapidly aerobical-
ly and achieve a somewhat higher cell density
than does the Mn catalase-positive strain. This is
not really too surprising since production and
accumulation of H,0, by the Mn catalase-nega-

PHYSIOLOGY OF PSEUDOCATALASE 745
CATALASE
100 (v/mg. pro.)
73-100
80 27-69
Z 60
g
z 40
A 818
20
| | | | | J
T 2 3 4

HOURS

FIG. 5. Inactivation of Mn catalase with NH,OH
sensitizes L. plantarum towards H,0,. A culture
(ATCC 14431) was grown aerobically for 12 h in APT
broth. Samples were then diluted fivefold into fresh
APT containing 0 (line 1), 0.1 mM (line 2), and 1.0 mM
(line 3) NH,OH. After 2 h of aerobic incubation, cells
were collected, washed twice in cold APT to remove
NH,OH, then suspended to 10® cells per ml in fresh
APT containing 5.0 MM H,0, and 0.5 mg of puromy-
cin per ml to prevent protein synthesis. These suspen-
sions were incubated aerobically at 37°C, and samples
were taken at intervals for enumeration by dilution,
plating, and counting. The numbers given to the right
of the lines are the levels of Mn catalase activity found
in these cells.

tive strain are not noted until the late log and
stationary phases of growth (1, 14a). However,
when cell survival during the stationary phase
was examined, the advantage provided by Mn
catalase was obvious. NH,OH, which caused an
irreversible inactivation of Mn catalase in the
presence of H,0,, allowed this demonstration to
be made with the Mn catalase-positive strain.
Suppression of Mn catalase, within these cells,
rendered them sensitive to the lethality of S mM
H,0,. The biological utility of Mn catalase is
thus clearly demonstrated.

ACKNOWLEDGMENTS

This work was supported by research grants from the Public
Health Service National Institutes of Health, Bethesda, Md.;
the U.S. Army Research Office, Research Triangle Park,
N.C.; and Merck Sharp & Dohme Research Laboratories,
Rahway, N.J.

LITERATURE CITED

1. Archibald, F. S., and 1. Fridovich. 1981. Manganese and
defenses against oxygen toxicity in Lactobacillus plan-
tarum. J. Bacteriol. 145:442-451.

2. Archibald, F. S., and 1. Fridovich. 1981. Manganese,
superoxide dismutase, and oxygen tolerance in some
lactic acid bacteria. J. Bacteriol. 146:928-936.



746

10.

11.

KONO AND FRIDOVICH

. Archibald, F. S., and I. Fridovich. 1982. The scavenging

of superoxide radical by manganous complexes: in vitro.
Arch. Biochem. Biophys. 214:452-463.

. Archibald, F. S., and 1. Fridovich. 1982. Investigations of

the state of the manganese in Lactobacillus plantarum.
Arch. Biochem. Biophys. 215:589-596.

. Balch, W. E., G. E. Fox, L. J. Magrum, C. R. Woese, and

R. S. Wolfe. 1979. Methanogens: reevaluation of a unique
biological group. Microbiol. Rev. 43:260-296.

. Beers, R. F., Jr., and 1. W. Sizer. 1952. A spectrophoto-

metric method for measuring the breakdown of hydrogen
peroxide by catalase. J. Biol. Chem. 195:133-140.

. Delwiche, E. A. 1961. Catalase of Pediococcus cerevisiae.

J. Bacteriol. 81:416-418.

. Dobrogosz, W. J., and R. W. Stone. 1962. Oxidative me-

tabolism in Pediococcus pentosaceus. 1. Role of oxygen
and catalase. J. Bacteriol. 84:716-723.

. Evans, J. B., and C. F. Niven. 1951. Nutrition of the

heterofermentative lactobacilli that cause greening of
cured meat products. J. Bacteriol. 62:599-603.

Hassan, H. M., and I. Fridovich. 1977. Enzymatic de-
fenses against the toxicity of oxygen and of streptonigrin
in Escherichia coli K-12. J. Bacteriol. 129:1574-1583.
Johnston, M. A., and E. A. Delwiche. 1962. Catalase of
the Lactobacillaceae. J. Bacteriol. 83:936-938.

12.

13.

14.

J. BACTERIOL.

Johnston, M. A., and E. A. Delwiche. 1965. Distribution
and characteristics of catalases of Lactobacillaceae. J.
Bacteriol. 90:347-351.

Johnston, M. A., and E. A. Delwiche. 1965. Isolation and
characterization of the cyanide-resistant and azide-resist-
ant catalase of Lactobacillus plantarum. J. Bacteriol.
90:352-356.

Jones, D., R. H. Deibel, and C. F. Niven, Jr. 1964. Cata-
lase activity of two Streptococcus faecalis strains and its
enhancement by aerobiosis and added cations. J. Bacteri-
ol. 88:602-610.

14a.Kono, Y., and I. Fridovich. 1983. Isolation and character-

15.

16.

17.

ization of the pseudocatalase of Lactobacillus plantarum:
a new manganese-containing enzyme. J. Biol. Chem.
258:6015-6019.

Lowry, O. H., N. J. Rosebrough, A. L. Farr, and R. J.
Randall. 1951. Protein measurement with the Folin phenol
reagent. J. Biol. Chem. 193:265-275.

Margoliash, E., and A. Novogrodsky. 1958. A study of the
inhibition of catalase by 3-amino-1,2,4-triazole. Biochem.
J. 68:468-475.

Yousten, A. A., J. L. Johnson, and M. Salin. 1975. Oxy-
gen metabolism of catalase-negative and catalase-positive
stains of Lactobacillus plantarum. J. Bacteriol. 123:242-
247.



